Development of simple and low cost chemical/biological sensors forms an important research area for interdisciplinary sciences. Piezoelectricity based Quartz Crystal Microbalance (QCM) systems may be readily utilized in testing newly developed sensor materials. In this work, construction of a simple, hand held, computerized QCM apparatus is proposed. Most of the sensor applications usually encountered in freshman laboratories can be performed with this system and the proposed electronic circuit can be assembled by the students themselves.
INTRODUCTION
Among the research topics of interdisciplinary sciences, the studies aiming towards developing cheap and simple chemical and biological sensors have become very popular. Of these new sensors, applicable ones are more advantageous and beneficial than traditionally more complex sensors. Quartz Crystal Microbalance (QCM) is a low cost, real time, piezoelectricity based gravimetric system and yields highly sensitive (theoretically in the order of picograms) measurements 1, 2 . QCM was first introduced by Sauerbrey as a mass sensor in gas phase and in vacuum 3 . Sauerbrey was also the first in providing the mathematical treatment of mass sensitivity of the quartz oscillation. By analytically solving the one-dimensional equation of motion as given below, Sauerbrey showed that an ideal foreign mass layer results in a frequency decrease, f, that is proportional to the deposited mass, m, if the resonator is operated in air or vacuum 3 .
Here is the frequency change (Hz), f 0 is the fundamental oscillating frequency of the quartz crystal (Hz), m is the mass of deposited film or mass change of the adsorbed analyte, (g) and A is the area of electrode surface (cm 2 ). Shear modulus, µ q , and density of the quartz,  q , are crystal parameters and can be taken as 2.947x10 11 gcm -1 s -2 and 2.648 gcm -3 , respectively. The main component of such a device is a thin quartz disc which is used as a transducer in the system. The quartz disk is sandwiched between two evaporated metal electrodes and commonly referred to as thickness shear mode resonator (TSM resonator) or bulk acoustic wave sensor. Depending on the cut angle with respect to the crystal lattice, a large variety of resonator types may be obtained from a quartz crystal. The cut angle determines the mode of induced mechanical vibration. AT-cut quartz crystals are most suitable for QCM sensors because they show unusually large frequency stability (f/f 10 -8 ) and near-zero temperature coefficient when temperature is in the range of 0-50 °C. An external oscillator circuit is connected to the electrodes to drive the quartz crystal at its resonant frequency and a frequency counter is connected to the oscillator circuit to measure the frequency of the crystal. QCM became accepted as a new powerful technique to monitor adsorption processes at solid/liquid interfaces in chemical and biological research rendering the method an attractive low-cost alternative for physical, chemical and biochemical [4] [5] [6] [7] applications. The purpose of this work is to construct a low cost (about $ 20), hand-held, computerized QCM apparatus to test the chemisorption process in the nanoscale level and perform some sensor applications usually encountered in freshman chemistry laboratories. The QCM system developed for this purpose is composed of a quartz crystal (HC 49/U) which can be purchased for less than 50 cents, a colpitts oscillator and a frequency counter which can be controlled either by a microcontroller or a personal computer. Readily obtainable standard electronic circuitry elements are used in the design of the system. A simple electronic circuit, which can easily be assembled by the students themselves, is employed to control the system. The assembly of the circuit is valuable to introduce to the students some fundamental topics in electronics that are useful in modern chemistry. C60 working range determination was selected to demonstrate the stability of the system due to its interesting properties 8 and potential use in QCM systems as an alternative coating material in a rather wide range [9] [10] . Fullerene (C60) was used as the coating material and polyvinyl chloride was used as the support material for this purpose. Surface topography of the coated material was examined by atomic force microscopy.
CONSTRUCTION OF THE QCM

Apparatus
The reaction carriers used were 10 MHz quartz crystals with silver electrodes, purchased from RS Company (Part Number: 471-9809). They were in the standard component form of HC 49/U with a quartz wafer diameter of 8.2 mm and silver electrode diameter of 4.5 mm. The quartz crystal oscillator circuit was assembled using commercially available electronic parts: Transistors -BF255 (two pieces), resistors -330 , 470 , 1 K, 22 K, 33 K, capacitors -100 pF, 300 pF (two pieces), 1 nF, 47 nF, 100 nF. The microcontroller based frequency meter circuit was also assembled using easily available commercial electronic parts: PIC16F84AP microcontroller (Microchip inc.), MAX232 level converter, 2N2222 BJT transistor, 1x16 HD44780 character LCD module, 7805 voltage regulator, diodes -1N4148, 1N914 (two pieces), 10 H inductor, 4 MHz crystal, resistors -100  (two pieces), 240 , 470  (three pieces), 10 K (two pieces), 47 K, 22 K trimpot, capacitors -22 pF , 5-35 pF trimmer, 10 nF, 22 nF, 100 nF (two pieces), 330 nF, 10 F / 25 V electrolytic (six pieces), 3 mm led and two buttons.
Description of the QCM
A schematic representation of the QCM system is shown in Figure 1 . The coated quartz crystal is connected to the oscillator and the oscillator is connected to the frequency counter. Change in the frequency can be directly monitored from the LCD screen, as it can also be recorded by means of a simple software, through a COM port connection of a PC to the frequency counter. Frequency meter is composed of four main parts: First part is the amplifier and wave forming block 11 . Second part is the microcontroller block where measurement and control of the system components are performed. Third part is the LCD screen and the fourth part is serial communication interconnection. The basic idea of the algorithm for the frequency measuring part of the system was picked up from the application notes of Microchip Technology Inc. 12 . Basic principle in the code is to count the peak values of the incoming signal for a predefined period of time (100 ms for 10 Hz and 1 s for 1 Hz resolution). Source code for the frequency meter was written in HiTech PIC-C programming language and compiled to generate hexadecimal code for microcontroller. The Mode button (S2) is used to switch the frequency resolution. By changing the microcontroller clock rate, it is possible to fine tune the measured frequency values. For this purpose, one of the capacitors connected to Q1 crystal have to be a variable value one. As shown in the above circuit scheme C2 capacitor is adjustable in a range of 5-35 pF. The measured frequency values is displayed by the LCD screen of the frequency counter and send to communication port of the connected PC in ASCII format (with line feed character) through the MAX232 integrated level converter as well.
Figure 3. Schematic representation of the colpitts oscillator
The oscillator is composed of two main parts. The first part (A) is the oscillator sub block which provides oscillations by re-driving the signal with positive feedback, originally generated by the resonance state of the crystal connected at the system input. The second part (B) is an amplifier used to raise the amplitude of the signal generated by the oscillator. AFM studies were performed on a TopoMetrix TMX 2000 Explorer model microscope, operating in contact mode in air. During the surface analyses, a standard pyramidal tip with a curvature radius of approximately 1000 Å was used. The samples were dropped on quartz crystals and were imaged at various scan areas changing from 20 x 20 µm to 150 x 150 µm, within the applied force range of 1 nN to 5 nN. All the images were taken at room temperature.
Chemicals
Polyvinyl chloride (PVC, high molecular weight) and toluene were obtained from Fluka Co. and used without further purification. The coating material, fullerene C60, was isolated in our laboratory [13] [14] .
Experimental procedure
As well known, conventional polymer coating techniques include spin coating, dip coating and drop coating. In this study, drop coating was preferred because of its effortless applicability in an ordinary laboratory. On the other hand, spin coating produces irregularly shaped coating and dip coating brings about non-uniform coverage on the Ag surface due to hydrophobicity and viscosity of the medium 5 .
For this purpose, 10 mg of C60 and 5 mg of PVC were dissolved in 10 mL of toluene. In order to find the maximum loadable amount of the coating material, varying amounts of the solution (in 2-14 µL range) were dropped on both surfaces of a crystal using a microsyring. A couple of minutes were always copious to evaporate the solvent and to form a C60-PVC coated crystal. Fundamental oscillating frequency, f 0 , of uncoated and oscillating frequency of C60-PVC coated crystals, f 1 , were measured. The difference between two frequencies is calculated as the frequency shift, f, and the amount of material coated, m, on the crystal surface is calculated from the Sauerbrey equation, given above.
Evaluation of coating topographies by AFM
AFM pictures of bare silver surface and C60/PVC coated silver surface are shown in Figure 4 . Bare silver surface contains irregular holes and valleys. However, most of these holes were filled after coating with C60/PVC, and a flatter surface was obtained. Additionally, we observed through AFM studies that C60/PVC coatings were more stable than the C60 alone. In place of PVC other support materials such as its derivatives or polystyrene are known to be widely used as a support material for the coatings 
RESULTS AND CONCLUSIONS
The primary objective of this study was to test if the proposed low-cost system was suitable determine the optimal mass of the sensor material to be coated on the crystal surfaces. It is known that the determination of the optimal mass usually forms the first step in quartz crystal microbalance studies. In Figure 5 , frequency shift, f, was plotted against mass change, m, and the crystal frequency. It is evident from Figure literature 15 . It is known that the Sauerbrey equation will over-predict when the added mass gives a frequency shift larger than about 2 % of the fundamental oscillating frequency 1 . For the 10 MHz crystal used in this study, any mass loading causing a shift lower than 200 kHz should mean that the Sauerbrey equation will not over predict. We can now easily conclude that the QCM system built in this study is suitable for the working range proposed. bilimler için önemli bir araştırma alanı oluşturmaktadır. Piezoelektrik temelli Kuartz Kristal Mikrobalans (QCM) sistemleri yeni geliştirilen algılayıcı malzemelerinin testinde kolaylıkla kullanılabilmektedir. Bu çalışmada, yapımı kolay, elde taşınabilen bir bilgisayarlı QCM aygıtının tertibi önerilmiştir. Genellikle birinci sınıf öğrenci laboratuvarlarında karşılaşılan algılayıcı uygulamalarının büyük bölümü bu sistemle gerçekleştirilebilir ve önerilen elektronik devre öğrencilerin kendileri tarafından monte edilebilir.
